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We have studied the O 2p valence-band structure of Nb-doped SrTiO3, in which a dilute concentra-
tion of electrons are doped into the d0 band insulator, by angle-resolved photoemission spectroscopy
(ARPES) measurements. We found that ARPES spectra at the valence band maxima at the Mˆ
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points start from ∼ 3.3 eV below the Fermi level (EF ), con-
sistent with the indirect band gap of 3.3 eV and the EF position at the bottom of the conduction
band. The peak position of the ARPES spectra were, however, shifted toward higher binding en-
ergies by ∼ 500 meV from the 3.3 eV threshold. Because the bands at M and R have pure O 2p
character, we attribute this ∼ 500 meV shift to strong coupling of the oxygen p hole with optical
phonons in analogy with the peak shifts observed for d-electron photoemission spectra in various
transition-metal oxides.
PACS numbers: 71.38.-k, 71.20.-b, 79.60.-i, 71.28.+d
Transition-metal oxides (TMO) are known to ex-
hibit a variety of attractive phenomena such as high-
temperature superconductivity, giant magnetoresistance
and metal-insulator transition (MIT) [1] resulting from
strong interaction among the transition-metal 3d elec-
trons. Photoemission spectroscopy (PES) is a power-
ful technique to study the electronic structure of such
strongly correlated systems. Recently, it has become rec-
ognized that electron-phonon coupling also affects the
PES spectra of the TMOs significantly. Recent PES
measurements have demonstrated pronounced electron-
phonon interaction effects in Cu oxides [2], Fe oxides [3],
and V oxides [4]. Mishchenko and Nagaosa [5] and Ro¨sch
et al. [6] have theoretically shown that electron-phonon
coupling affects the experimentally measured angle-
resolved photoemission spectroscopy (ARPES) spectra
of high-Tc superconductors and their parent insula-
tors through calculations based on the t-J model with
Holstein-type electron-phonon interaction. While those
studies have focused on the effects of electron-phonon
coupling primarily on transition-metal d electrons, ef-
fects of electron-phonon coupling on oxygen p electrons
have not been studied so far. Since the 3d electrons and
the oxygen p electrons are strongly hybridized with each
other in TMOs, it is of fundamental interest and im-
portance to see how electron-phonon coupling affects the
photoemission spectra of oxygen p electrons.
In the present work, we have performed an ARPES
study of SrTiO3 (STO), which is a perovskite-type 3d
0
band insulator with the filled O 2p band and the empty
Ti 3d band and is therefore the starting point of the se-
ries of the perovskite TMOs. The band gap (Eg) of STO
determined by optical measurements is ∼ 3.3 eV for the
indirect gap and∼ 3.8 eV for the direct gap [7, 8]. Substi-
tuting La for Sr, Nb for Ti or introducing oxygen vacan-
cies leads to electron doping and makes the system metal-
lic and even superconducting already from very low car-
rier concentrations of 8.5× 1018 cm−3 [9, 10]. Electron-
phonon coupling in STO has long been studied. The
optical and dielectric properties of STO have provided
evidence for pronounced effects of polarons [11, 12, 13].
Recently, Bi et al. [14] suggested from an infrared reflec-
tivity study that small polarons exist and play an im-
portant role in Nb-doped STO. The band structure has
been studied theoretically by many groups [8, 15, 16, 17].
ARPES measurements have also been performed [18, 19]
to study the band structure of STO, however, these mea-
surements were made for several k points in the Brillouin
zone, mainly using the so-called normal emission method.
In the present work, we have made detailed ARPES mea-
surements on Nb-doped, i.e., lightly electron-doped, STO
and have examined the dispersions of the O 2p band and
the bottom of the Ti 3d band. The dispersions of the O
2p band has been well explained by tight-binding (TB)
band-structure calculation if the band gaps are adjusted
to the optical gaps of 3.3 eV and 3.8 eV. Photoemission
starts from ∼ 3.3 eV below the Fermi level (EF ), con-
sistent with the indirect optical gap of 3.3 eV. However,
the ARPES peak positions of the O 2p bands are located
∼ 500 meV below the valence band maximum (VBM).
We shall discuss the origin of the ∼ 500 meV shift in the
context of strong electron-phonon coupling.
ARPES measurements were performed at BL-1C of
Photon Factory, High Energy Accelerators Research Or-
ganization (KEK). A Nb-doped STO single crystal with
an atomically flat (001) surface of TiO2 termination was
measured [20]. To introduce carriers (electrons) into the
sample, it was annealed under an ultra high vacuum (∼
10−9 Torr) at 1273 K for 2 hours, and then transferred
to the photoemission chamber without exposing it to air
[21]. Measurements were performed under an ultrahigh
vacuum of ∼ 10−10 Torr at 20 K using a Scienta SES-
100 electron-energy analyzer. The total energy resolu-
tion including the monochrometer was set to ∼ 60 meV
and ∼ 150 meV near EF and in the valence-band re-
gion, respectively. The EF position was determined by
measuring gold spectra. Traces in momentum space for
changing emission angle are shown in the right panels of
2FIG. 1: (Color online) ARPES spectra of SrTiO3. (a), (b), (c): EDCs taken with photon energies hν = 86eV and hν = 58eV.
(d), (e), (f): Gray-scale plots of the second derivatives of the EDCs for the Γ - X direction, the X - M direction, and the X - R
direction. Here, bright parts correspond to energy bands. Right top: Brillouin zone of the simple cubic lattice. Right middle
and bottom: traces in momentum space for hν = 86 eV and 58 eV and the emission angle from θ = −10◦ to 40◦.
FIG. 2: (Color online) ARPES spectra of SrTiO3. (a) Inten-
sity plot in E-k space around the Γ point. The bottom of the
Ti 3d band was observed at the Γ point in the vicinity of EF .
(b), (c): EDCs at the M point and the R point. They have
been decomposed into several Gaussians, out of which only
the lowest binding energy ones are shown.
Fig. 1, when the widths represent the uncertainties in the
kz due to the finite escape depth of photoelectrons [22].
In order to determine the momentum perpendicular to
the sample surface, we have assumed the work function
of the sample φ = 4.5 eV, the inner potential V0 = 10.5
eV, and the lattice constant a = 3.905 A˚.
Figure 1 (a), (b), and (c) shows energy distribution
curves (EDCs) taken with photon energies of 86 eV and
58 eV, showing clear band dispersions. In order to see the
band dispersions more clearly, we have taken the second
derivatives of the EDCs and plotted them on a gray scale
in Fig. 1 (d), (e), and (f). Here, bright part indicates
peaks or shoulders in the EDC’s. In Fig. 2 (a), the E-k
intensity plot near EF around the Γ point is shown. The
intensity in the vicinity of EF arises from the bottom of
the Ti 3d band, which is occupied by a small amount
of electrons doped into the sample. From the size of
the occupied part in momentum space (|kF | ∼ 0.15
pi
a
),
the carrier density is estimated to be ∼ ×10−2 per Ti
atoms by assuming the Fermi surface to be three-fold
degenerate spheres of the t2g bands. Then, the Fermi
energy is estimated to be as small as ∼ 40 meV from the
above |kF | value and the effective mass m
∗ = 1.5m0 [18],
where m0 is the free-electron mass. Therefore, the Fermi
level is located only∼ 40 meV above the bottom of the Ti
3d-derived conduction band. The EDCs at the M point
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], both
3FIG. 3: (Color online) Comparison between the ARPES band structure and TB calculation, (a) Band structure of STO. (b),
(c), (d): Comparison for the Γ - X, the X - M, and the X - R directions. The direct and indirect gaps are indicated. The TB
calculation has reproduced the experimental ARPES band structure except for the overall shifts of the O 2p band by ∼ 500
meV.
corresponding to the top of the O 2p band of pure O 2p
character, are shown in Fig. 2 (b) and (c). The emission
starts at the threshold of ∼ 3.3 eV below EF , that is, 3.3
eV below the bottom of Ti 3d band. The value of 3.3
eV is equal to the magnitude of the indirect band gap
of STO between the valence-band maximum at the M
or R point and the conduction-band minimum at the Γ
point. Both spectra have been decomposed into several
Gaussians, out of which the lowest binding energy ones
are shown in Fig. 2 (b) and (c). Thus, the peak position
of the lowest binding energy structure is observed 3.8 eV
below EF , i.e., by ∼ 500 meV deeper than the threshold.
In order to interpret the experimental band dispersions
quantitatively, the ARPES spectra have been fitted to
TB band-structure calculation. We have performed the
TB calculation including the Ti 3d and O 2p orbitals
(totally, 14 atomic orbitals) as the basis set [15, 16, 17].
Parameters to be adjusted are the energy difference be-
tween the Ti 3d and O 2p levels, ǫp− ǫd, the crystal-field
splitting of the O 2p orbitals, ǫpσ−ǫppi, and Slater-Koster
parameters (pdσ), (pdπ), (ppσ), and (ppπ) [23]. We chose
the TB parameters to reproduce the observed band dis-
persions as well as the indirect and direct optical band
gaps of 3.3 eV and 3.8 eV, respectively [8] as shown in
Fig. 3 (a). Best-fit parameters are ǫp − ǫd = −5.7 eV,
ǫdσ − ǫdpi= 2.2 eV, ǫpσ − ǫppi = 1.5 eV, (pdσ) = −2.3 eV,
(ppσ) = 0.40 eV. Also, we assumed (pdπ) = −0.46(pdσ),
(ppπ) = −0.25(ppσ) [24]. Here, the same shift of ∼ 500
meV between the ARPES peaks and the TB band dis-
persions are assumed not only at the VBM at the M and
R points but also over the entire O 2p bands, although
the shifts may differ between the bands and k points. As
shown in Fig. 3 (b), (c), and (d), the calculated band
dispersions could successfully reproduce the experimen-
tal dispersions of peak positions in the EDCs, except for
the overall shift of ∼ 500 meV between the ARPES data
and the TB calculation. Here, it should be noted again
that the shift of EF due to electron doping is as small as
∼ 40 meV as mentioned above, and that according to the
previous PES measurement of La1−xSrxTiO3 [25], elec-
tron doping into STO induces chemical potential shifts
as small as ∼ 200 meV from STO to LaTiO3 (100% elec-
tron doping). Therefore, electron doping caused by the
oxygen vacancies and/or Nb substitution cannot explain
the energy shift as large as ∼ 500 meV.
In order to explain the discrepancies between the
ARPES peak dispersion and the TB band structure fit-
ted to the optical band gaps, we suggest that the effect
of strong electron-phonon coupling on the spectral line
shape is important for the O 2p band, too, as schemati-
cally shown in Fig. 4. We note that the VBM at the M
and R points have pure O 2p character without admix-
ture of Ti 3d. In the scenario of strong electron-phonon
coupling effect on photoemission spectra, strong multiple
phonon peaks appear on the higher binding energy side
of the weak (almost invisible) zero-phonon line, making
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FIG. 4: (Color online) Schematic illustrations of the strong
electron-phonon coupling effects in STO. (a) DOS. (b) Band
dispersion.
4the spectral line shape broad and apparently shifted to-
ward higher binding energies by the multiple phonon en-
ergy compared with the zero phonon peak (threshold)
[26]. Therefore, ARPES peaks will be observed at higher
binding energies than the optical band gap suggests. In
the photoemission spectra of sveral TMO’s, such effects
of electron-phonon coupling have been reported in 3d-
electron photoemission spectra. For example, in the case
of Ca2CuO2Cl2, the energy shift between the photoemis-
sion threshold and the photoemission peak is found to
be ∼ 450 meV [2], and in the case of La1−xSrxFeO3 ∼ 1
eV [3]. When an electron is strongly coupled with opti-
cal phonon modes of energy ω [27], an energy shift of ∆
= gω will arise, where g is the electron-phonon coupling
constant. g is much larger than one because the cou-
pling between the positive charge of the photohole exited
in the photoemission process and surrounding ions can
be very large. It is interesting to note that we have ob-
served effects of similar magnitude for the emission of an
O 2p electron, which are generally thought to be itinerant
weakly correlated. The electron-phonon coupling effects
of similar magnitudes between the transition-metal 3d
and O 2p electrons mean that a hole in the O 2p band
created by photoemission has tendency to be localized
like a hole in the TM 3d bands [3].
In summary, we have performed detailed ARPES mea-
surements of Nb-doped (lightly electron-doped) STO and
have observed the ARPES peak dispersions of the O 2p
band and the bottom of the Ti 3d band. The photoemis-
sion threshold at the valence band maxima (the R and
M points in the Brillouin zone) were observed at 3.3 eV
below EF , in agreement with the optical band gap. The
corresponding photoemission peak, however, was found
∼ 500 meV below the threshold. We interpret the shift
of the ARPES peak of ∼ 500 meV as an effect of strong
electron-phonon coupling in analogy with the similar be-
haviors of d-derived photoemission peak in insulating 3d
TMOs.
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